UNCLASSIFIED 


AD  NUMBER 

AD044243 

LIMITATION  CHANGES 
TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
and  their  contractors ; 

Administrative/Operational  Use;  FEB  1954.  Other 
requests  shall  be  referred  to  Naval  Ordnance 
Systems  Command,  Washington,  DC  20360. 


AUTHORITY 

usnol  ltr,  29  aug  1974 


THIS  PAGE  IS  UNCLASSIFIED 


i u*am*mgasG; 


Dimed  Services  Technical  Information  fil 


en 


Because  of  our  limited  supply,  you  are  requested  to  return  this  copy  WHEN  IT  HAS  SERVED 
YOUR  PURPOSE  so  that  it  may  be  made  available  to  other  requesters.  Your  cooperation 
’frill  be  appreciated. 


NB  ■ fi 

■ 

■ 1 W 11 

r . 1 

A* 

. * v 

1 W j i 

NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFIC  ATIONS  OR  OTHER  DATA 
AJETJSED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OH  IN  ANY  WAY  SUPPLIED  THE 
SAD  DRAWINGS.  SPECIFICATIONS,  OR  OTHER  DATA  S3  NOT  TO  BE  REGARDED  BY 
.IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PERMBSION  TO  MANUFACTURE. 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 


Reproduced  by 

• 9 


CUMENT  SERVICE  CENTER 


NAVORD  REPORT  3S96 


a. 

o 

<LD 


HZ 


NARY  ANALYSIS  OF  THE  HALF-WAVE  BRIDGE  MAGNETIC  AMPLIFIER 


12  FEBRUARY  1954 


ORDNANCE  LABORATORY 


WHITE  OAK,  MARYLAND 


NAVORD  Report  3596 
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Prepared  by: 
H.  H.  Woodson 


ABSTRACT:  Tuo  half-wave  bridge  magnetic  amplifiers  — one  with  parallel 

reset  circuits,  the  other  with  series  reset  circuits  — are  analyzed  using 
only  linear  circuit  theory  and  Faraday’s  Law.  The  principal  assumptions 
used  in  the  analysis  are  rectangular  B-H  loop  reactor  core  material  and 
resistive  rectifier  impedances.  The  results  of  the  analysis  nre  discussed 
with  particular  emphasis  on  the  effect  the  various  circuit  parameters 
have  on  the  amplifier  gain.  Seme  design  criteria  are  established  and 
theoretically  justified.  The  extensions  of  this  type  of  analysis  to 
other  than  the  half-wave  bridge  circuit  are  indicated. 
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The  use  of  the  half-wave  bridge  magnetic  amplifier  in  high  performance 
servo  systems  has  proved  practical.  Optimum  design  of  this  amplifier 
is  best  achieved  if  the  operation  is  described  quantitatively  in  such  a 
manner  that  the  effect  of  each  individual  component  on  the  amplifier 
gain  is  apparent. 

Under  the  Magnetic  Amplifior  Development  Program,  N0L-A3f-l-2-54,  and 
the  Magnetic  Amplifier  Servo  System  Development  Program,  N0L-B4a -78-2-54 » 
a quantitative  analysis  was  started  which  gave  the  information  desired. 
This  report  covers  the  preliminary  part  of  this  analysis.  Further 
detailed  analysis  and  experiment!  checks  will  be  given  as  they  are  com- 
pleted. 


EDWARD  L.  WOOD YARD 
Captain,  U8N 
Commander 
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PRELIMINARY  ANALYSIS  OF  THE  HALF-WAVE  .-MIDGE  MAGNETIC  AMPLIFIER 

INTRODUCTION 


12  3 

1.  The  application  of  the  half-wave  bridge  magnetic  amplifier  * ' to 
high-performance  servo  systems  has  been  quite  successful.  This  suc- 
cess is  attributable  to  a number  of  advantages  this  circuit  has  when 
compared  to  other  types  of  servo  amplifiers,  me  principal  advantages 
of  the  half-wave  bridge  compared  to  vacuum  tube  amplifiers  ure  rugged- 
ness  and  reliability,  and  ease  and  simplicity  of  compensation.^* 

Compared  tc  conventional  full-wave  magnetic  amplifier  circuitr  the  half- 
wave bridge  magnetic  amplifier  has  the  advantages  of  fast  response^-  *3 
and  ease  and  simplicity  of  compensation. 

2.  When  the  half-wnve  bridge  magnetic  amplifier  was  first  used  the 
dosign  of  an  amplifier  for  a specific  application  was  achieved  thro 

the  use  of  past  experience  and  cut-and-try  procedures.  A partial  .lution 
to  this  difficulty  was  obtained  when  a good  qualitative  design  pre  edure 
was  developed  at  the  Naval  Ordnance  Laboratory.  This  design  procedure, 
presented  in  reference  (3),  pointed  out  the  significant  parameters  to  be 
adjusted  for  best  operation  and  gave  the  method  of  adjustment.  Being 
qualitative,  this  design  procedure  still  left  some  adjustments  to  engineer- 
ing judgment. 

3.  The  analysis  in  the  present  report  is  intended  to  supplement  the 
design  procedure  given  in  reference  (3).  This  is  achieved  by  using  the 
same  fundamental  approach  as  in  this  reference,  but  the  circuit  is 
examined  in  greater  quantitative  detail. 


DESCRIPTION  OF  CIRCUITS 


4.  The  half-wave  bridge  magnetic  amplifier  circuits  to  be  analyzed  are 
shown  in  figures  1(a)  and  1(b).  The  only  difference  between  the  circuits 
is  in  the  configuration  of  the  reset  circuits.  The  bridge  of  figure  1(a) 
has  parallel  reset  circuits,  while  the  bridge  of  figure  1(b)  ha»  series 
reset  circuits.  The  differences  in  the  operation  of  the  two  circuits 
will  be  made  evident  in  the  analysis  to  follow. 


5.  Each  of  the  circuits  of  figure  1 employs  two  saturable  reactors. 

One  reactor  has  power  windings  N,  and  N.,,  reset  windings  N_  , and  control 

1 3 r], 

winding  N ; while  the  other  reactor  has  power  windings  N0  and  N . , reset 
c]_  <■  4 


winding  N , and  control  winding  N 


Note  that  all  windings  with  odd 


subscripts  are  on  one  reactor  while  all  with  even  subscripts ‘are  on  the 
other  reactor. 
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6.  Briefly  the  half-wave  bridge  circuit  operates  as  follows.  The  bridge 
stays  balanced  under  zero  signal  conditions  because  during  the  reset 
half-cycle  (when  the  supply  voltage  has  the  opposite  polarity  to  that 
shown  in  figure  1)  the  flux  change  from  saturation,  produced  by  voltage 
across  windings  Nr^  and  Nr^,  is  the  same.  As  a Result , during  the 

operating  half-cycle  (when  the  supply  voltage  has  the  polarity  shown  in 
figure  1)  both  reactors  reach  saturation  at  the  ssme  time  maintaining 
zero  load  current.  A control  voltage,  vc,  applied  to  the  differentially 
connected  control  windings  Nc^  and  Nc  will  produce  a difference  in  flux 

between  the  two  reactors  during  the  reset  half-cycle.  This  flux  differ- 
ence causes  the  reactors  to  saturate  at  different  times  during  the  next 
operating  half-cycle.  During  the  interval  of  time  when  one  reactor  is 
saturated  and  the  other  is  unsaturated,  current  will  flow  through  the 
load  resistance  R^.  The  direction  of  load  current  flow  ie»  determined  by 
the  polarity  of  the  control  voltage. 

7.  The  presence  of  the  rectifiers  in  the  circuit  makes  the  conditions 
different  during  the  reset  and  operating  half-cycles;  consequently,  these 
two  modes  of  operation  must  be  considered  separately.  Before  the  analysis 
can  be  started,  however,  assumptions  must  be  made  regarding  the  non- 
linearities  in  the  circuit. 


ASSUMPTIONS 

3,  Each  of  the  reactors  is  assumed  to  be  a four  terminal-pair  network 
with  a number  of  turns  associated  with  each  terminal  pair  as  shewn  in 
figure  2“.  This  network  is  assumed  to  have  two  modes  of  operation.  If 
the  external  circuits  can  supply  sufficient  current  and  the  core  Ti-ix 
level,  0 , satisfies  the  relation 

I4>l  < |<fc|  e> 


where  0S  is  the  saturation  flux  of  the  core;  then  the  following  two 
relations  describe  the  operation  of  the  reactor: 


and 


— - j St 

N>~  " Nr'  Nc 


(2) 


N,i,+  Nj,+Nji  = (N I). 


(3) 


* The  d-c  resistances  of  the  windings  are  lumped  with  the  external  circuits. 
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where  (NI)  is  the  coercive  ampere-turns  of  the  core*  To  maintain  accuracy 
in  design  this  coercive  force  must  be  measured  under  the  approximate 
conditions  to  be  analyzed,  i.e.  at  the  line  frequency  to  be  used  and 
operating  about  a minor  loop.  If  the  external  circuits  cannot  supply 
sufficient  current  to  satisfy  equation  (3),  or  if  the  core  flux  0 
equals  the  saturation  value  ± 0St  each  pair  of  terminals  of  the  network 
of  figure  2 is  short-circuited  with  no  mutual  coupling  between  terminal 
pairs.  The  above  characteristics  describe  a reactor  with  the  flux  ampere- 
turns  loop  shown  in  figure  3 with 


i " h fe> ^ dt  ■ ft  A * ' " ft/* 1 ’ 

• tO  —eO 


(4) 


and 


i)B  N,  ‘i  + +■  N¥  ip.  Nc  «e. 


If  the  loop  is  crossed  at  any  flux  level,  the  operating  path  is  at  con- 
stant flux  as  shown  by  path  a-h  in  figure  3.  The  winding  resistances  are 
lumped  with  the  external  circuits  and  the  leakage  reactances  are  assumed 
zero,  a good  assumption  with  toroidal  reactors.  The  above  assumptions 
concerning  reactor  characteristics  are  quite  accurate  for  a reactor  using 
e rectangular-loop  core  material  such  as  Orthonol. 


9.  The  rectifiers  are  assumed  to  have  the  equivalent  circuit  shown  in 
figure  4,  where  the  rectifier,  KX,  is  perfect  (zero  forward  impedance, 
infinite  reverse  impedance)  and  Rf  and  are  the  constant  forward  and 


reverse  resistances  respectively.  There  are  two  sources  of  error  in 
these  assumptions.  First,  the  forward  and  reverse  resistances  are  not 
constant;  however,  when  the  values  are  measured  as  average  values  undor 
a-c  operation  at  approximately  the  frequency,  voltage,  and  current  levels 
occurring  in  the  amplifier  circuit,  the  errors  will  not  be  intolerable. 
Second,  selenium  rectifiers  exhibit  a capacitive  reverse  impedance;  thus, 
the  error  due  to  capacitive  reverse  current  increases  with  increasing 
line  frequency.  The  addition  of  an  equivalent  capacitance  to  the  circuit 
of  figure  4 complicates  the  analysis  to  follow,  and  the  unalysis  neglecting 
the  capacitance  is  sufficiently  correct;  consequently,  capacitance  of 
the  rectifier  is  neglected.  Of  course,  if  germanium  diodes  are  used, 
the  capacitance  is  negligible  and  the  equivalent  circuit  of  figure  4 
becomes  a better  approximation. 


10.  All  other  components  in  the  circuits  of  figure  1 are  assumed  to  be 
resistive. 
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ANALYSIS  FOR  QUIESCENT  CONDITIONS 
(Complete  Analysis  in  Appendices  A,  B and  C) 

11.  In  the  design  of  an  amplifier  for  a given  application,  a knowledge 

of  the  quiescent  operation  is  desired  for  two  reasons  * First,  the  "firing 
angle"  (the  angle  during  the  operating  half-cycle  at  which  the  reactors 
saturate)  must  bo  adjusted  to  provide  the  proper  phasing  of  the  funda- 
mental frequency  component  of  the  output  voltage  to  provide  optimum  con- 
trol of  a two-phase  servo  motor  or  to  place  the  output  pulse  at  the 
position  in  the  operating  half-cycle  to  give  optimum  control  of  a suc- 
ceeding cascaded  amplifier  stage.  Second,  the  quiescent  power  will  be 
limited  by  the  specified  allowable  temperature  rise  in  the  amplifier. 

12.  The  quiescent  "firing  angle",  OJt^,  for  the  bridge  of  figure  1(a) 
with  purallol  reset  is  given  by  equation  (Cll)  of  Appendix  C: 


W t»3 


t-s  Cos' 


while  the  quiescent  "firing  angle"  for  the  bridge  of  figure  1(b)  with 
series  reset  is  given  by  equation  (C12)  of  Appendix  C: 


os  sin"4  «e  - «•  C OS~'  *o( 


(7) 


In  equations  (6)  and  (7)  the  factor  O C is  given  by  equation  (A13)  of 
Appendix  A a3:  0 


«os 


Rl(Ni) 

N».V« 


I + 


N,  • 

*2 ;t& 


(6) 


In  the  above  expressions: 


N 

r 

N 

r» 

Rb 

llR 

V 


= Number  of  turns  on  reset  winding 
= Number  of  turns  on  one  power  winding 
- Resistance  of  reset  circuit 

= Reverse  resistance  of  one  power  circuit  rectifier 
= Amplitude  of  supply  voltage 
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LO  = Angular  frequency  of  suj. . ly  voltage 
(NI)  = Coercive  mmf  of  reactors. 

13.  In  the  design  of  an  amplifier  for  a particular  application  tho  power 
winding  turns,  Ns,  i*ectifier  reverse  resi.stance,  R^,  and  coercive  mmf  (NI) 
are  determined  from  load  considerations-*,  i.e.  power  requirements  and 
impedance  level*. 

14.  The  parameters  remaining  for  adjustment  of  the  "firing  ungle"  are 
the  reset  resistance,  R^,  and  the  reset  turns,  Nr«  After  the  proper 
firing  angle  has  been  chosen,  the  values  of  R^  and  Nr  are  set  by  gain 

considerations  to  be  discussed  later,  using  either  equation  (6)  or  (7) 
as  a constraint  on  and  N?,  depending  on  whether  parallel  or  series 

reset  is  used. 


15.  The  considerations  discussed  above  determine  all  the  parameter 
values  in  the  expression  of  equation  (6)  or  (7).  Thus,  control  over  the 
quiescent  power  must  be  exercised  with  some  parameter  other  than  those 
givan  in  these  equations.  Tha  average  quiescent  power,  P^,  is  given  by 

equation  (C6)  of  Appendix  C as  s 


1 v.1 

(R.  + 3,) 


to  tj  +- jihUit,  Cos 


*s) 


where  Rs  - Ssrie3  resistance  in  line 

Rj»  = Saturated  forward  impedance  of  one  arm  of  power  circuit 

and  the  firing  angle  CO  t^  i3  given  by  equution  (6)  for  a oririge  with 

parallel  reset  or  equation  (7)  for  a bridge  with  series  reset.  Cince 
all  the  parameters  determining  the  firing  angle,  00 1^,  have  al  ready  been 

determined,  the  only  parameters  left  for  adjustment  of  the  quiescent 
power  are  the  resistances  Rg  and  Rj..  In  the  treatment  of  gain  to  be 
given  subsequently  it  will  be  shown  that  the  gain  is  not  affected  by  the 
line  resistance  Ra,  while  it  is  affected  by  the  saturated  impedance  of 
the  bridge  Rf.;  consequently,  the  line  resistance  R_  cun  be  used  to  limit 
the  quiescent  power  dissipated  in  the  br lire  while  not  affecting  the 
gain  of  the  stage. 

!i  The  fact  that  load  considerations  fix  rectifier  reverse  resistance 
may  not  be  readily  obvious  because  the  rectifier  forward  impedance  is 
the  parameter  primarily  fixed  by  load  considerations.  fhe  type  of  rec- 
tifier (selenium,  germanium,  etc.)  to  oe  used  is  chosen  from  operating 
conditions  (temperature,  voltage,  etc.)  and  for  any  type  of  rectifier 
the  reverse  resistance  varies  nearly  in  direct  nrooortion  to  r,he  forward 
resistance. 
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ANALYSIS  FOR  SIGNAL  CONDITIONS* 

^Complete  Analysis  in  Appendices  D,  E,  F,  G and  H) 

16.  For  the  half-wave  oridge  circuit  with  parallel  reset^circuits  of 
figure  1(a)  the  average  load  voltage,  V^>  as  « function  of  the  direct 

control  voltage,  Vc,  is  given  by  equation,  (Gl)  01  Appendix  us 


4 \ 


Re+-KiN?  TT 


-co«  *ih"' 


/ SS , 

V-& 


V« 


[sin'1 1 


where  oc  is  given  by  equation  (8)  and  0<^»  °*2*  aw*  *1  are  8iyen 

equations0 (D3),  (D19),  and  (D34)  of  Appendix  D thus: 


cx, 


N,  *4  % 


1 +■ 


* The  analysis  in  this  report  is  carried  out  for  a direct  control  voL 
tage;  however,  any  control  voltage  which  is  a specified  periodic  time 
function  with  the  period  equal  to  the  period  of  the  supply  voltage  can 
oe  used.  The  modifications  that  need  to  be  made  in  the  analysis  for 
such  a voltage  are  evident  in  the  form  of  the  analysis. 
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Oi,  = 


Nc  R.  i| 
N,  W;  V,  I 

! 

v 

r^e: 

+ 2| 

(» 

0*> 


K, 


17.  For  the  bridge  with  series  reset  circuits  of  figure  i(b)  the  average 
load  voltage  as  a function  of  the  direct  control  voltage  is  from  equa- 
tion (HI)  of  Appendix  H: 


Ka,  Nc 
Re  +■  Nc 


7T 


CO*"'  (*o 


/J4 

-co*  «m"‘  (*o + <x»Vc)  *■( 

-\ 


[.in'1  (■<.+- 


where  ocQ  is  given  by  equation  (8),  (X^  is  given  by  equation  (11)  and 

(y-j  and  Kg  are  given  by  equation  (E13)  and  (E31)  of  Appendix  E as : 


7 


iJ A VOW)  Por»ftT»t. 


o«a 


18.  Note  that  the  line  resistance  Rs  does  not  appear  in  either  equa- 
tion  (10)  or  (14)  indicating  that  the  gain  of  the  stage  is  independent 
of  this  resistance.  Thus  the  quiescent  power  dissipated  in  the  bridge 
can  be  limited  by  this  resistance  without  affecting  the  gain  of  the 
stage.  As  pointed  out  below,  a value  of  Rs  too  large  will  limit  the 
maximum  output  of  the  stage. 

19.  Equations  (10)  and  (14),  the  transfer  function.'  or  the  bridges  of 
figures  1(a)  and  1(b)  respectively,  appear  quite  complicated.  These 
equations  are  useful  in  an  investigation  of  the  magnitudes  and  types  of 
non-linearities  inherent  in  the  circuits  when  "ideal  components" 

(i.e.  rectangular  2-H  loop  cores  and  resistive  rectifiers)  are  assumed. 
In  a practical  amplifier  the  non-llnecrities  indicated  in  equations  (10) 
and  (14)  are  small  compared  to  the  non-linearities  caused  by  the  break- 
down of  the  assumptions  on  which  the  equivalent  circuits  are  based. 


20.  In  the  analysis  of  the  reset  half-cycle  (see  Appendices  D and  El) 
the  power  circuit  rectifiers  were  assumed  to  have  reverse  voltage  on 
them  during  the  entire  reset  half-cycle,  Control  of  the  circuit  is 
effected  by  incx’eesing  the  volt.-time  integral  on  one  reactor  while  de- 
creasing it  on  the  other.  These  changes  in  volt-time  integrals  are  in 
turn  effected  by  changing  the  voltages  on  the  reactors.  If  the  voltage 
on  one  renctor  becomes  high  enough  to  overcome  the  supply  voltage,  for- 
ward current  will  flow  through  the  power  rectifiers  associated  with  that 
reactor  and  form  a low  impedance  path,  shunting  the  control  winding  of 
that  reactor  and  thus  limiting  the  volt-time  integral  that  can  be 
applied  to  that  reactor.  For  example,'  consider  the  power  circuits  of 
figures  (15)  and  (18). 
polarity  shown,  the  voltage  eQ^ 


As  the  control  voltage  Vc  is  increased  in  the 
will  increase  while  the  voltage  e 


- , , c2 
will  decrease.  When  the  voi t-« ge  2(Ng/Nc)ec^  tries  to  become  greater 

than  the  supply  voltage  vg  the  power  circuit  rectifiers  associated  with 

reactor  1 conduct  forward  current.  Consequently,  for  these  rectifiers 
the  forward  resistance  R-  must  be  substituted  for  the  back  resistance 

and,  since  R^,  « R^,  the  control  circuit  of  reactor  1 13  shunted 
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by  a very  low  impedance.  Thus  the  flux  change  in  reactor  1 is  limited 
at  this  voltage  level  and  the  gain  of  the  bridge  falls  off  rapidly  at 
this  point.  In  most,  practical  amplifiers  this  effect  is  the  primary 
limitation  on  the  extent  of  the  linear  range. 

21.  In  the  analysis  of  the  operating  half-cycle  (3eo  Appendix  F),  the 
conditions  for  validity  of  the  analysis  are  that  the  firing  time  of 
reactor  2,  tg  be  greater  than  zero,  and  the  firing  time  of  reactor  1,  t^ 

be  less  than  ■%).  When  either  of  these  conditions  is  not  satisfied 

the  analysis  of  the  operating  half-cycle  breaks  down  and  the  gain  falls 
off  rapidly.  In  most  circuits  the  parameters  can  he  adjusted  so  that 
this  limit  on  the  analysis  is  reached  at  a larger  value  of  control  vol- 
tore  than  the  limit  on  the  reset  half-cycle  discussed  previously.  If 
too  large  a line  resistance,  Rs,  is  used,  the  firing  time,  t^,  of  reactor  1 

may  reach  the  value  ^/u\  at  a value  of  control  voltage  at  which  the 
analysis  of  the  res^t  circuit  still  holds,  thus  limiting  the  maximum  out- 
put of  the  amplifier. 

22.  Since  the  non-linearities  indicated  in  equations  (10)  and  (14)  are 
second  order  effects  compared  to  the  non-linearities  resulting  from  a 
breakdown  of  the  assumptions  in  the  analysis,  they  may  be  dropped  and 
equation  (10)  can  be  simplified  to: 


Both  of  these  equations  have  the  same  form: 


)LJ  Wu_Y  xflO  ft 

\ VRc-t-Rt/V  Re4-KNc/  w 


cos'1  C<o  , 


where  K and  are  independent  of  the  control  turns  N . Since  the 

control  circuit  resistance  Rc  is  determined  by  the  control  source  nnd 
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the  remainder  of  the  parameters  are  fixed  from  considerations  of  the 
load  and  the  amplifier  firing  angle,  they  are  generally  fixed  in  any 
application.  Therefore,  the  control  turns  should  be  optimized  for  maxi- 
mum gain.  When  the  expression  of  equation  (19)  is  difx'erontiated  with 

respect  to  N and  equated  to  zero  the  condition  imposed  upon  N to  pro- 

c 

duce  maximum  gain  iss 


Substitution  of  thi3  expression  into  equation  (i9)  yields: 


M--/  Rl  \ /k?  n, 

\Rt.+  RfH  Rc  Ztt 


- - . . 


(zo> 


Much  good  design  information  can  be  obtained  from  this  expression}  how- 
ever, the  results  are  more  lucid  when  the  power  gain  of  the  amplifier  is 
studied.  Using  the  expression  of  equation  (21),  the  power  gain,  with 
control  turns  Nc  adjusted  according  to  equation  (20),  is: 


rl  k m? 


Note  that  this  expression  is  independent  of  both  control,  turns  N and 

c 

control  circuit  resistance  Rc;  consequently,  so  long  as  the  control  cir- 
cuit is  optimized  according  to  equation  (20)  the  power  gain  is  a constant 
maximum  independent  of  the  impedance  level  of  the  control  circuit. 

23.  To  allow  study  of  the  effect  of  different  paramoters  on  the  power 
pair.,  values  of  from  equation  (13)  and  C>£  from  equation  (8)  are 

substituted  Into  equation  (22)  to  give  the  power  gain  for  the  circuit 
with  parallel  reset  (figure  1(a)). 


(\]  RL  ( 2 ) N i 

r 1 

[vj  %l4r,‘ 

ccs  : s’ 

L 

Substitution  of  OC  and  Kg  from  equation  (16)  into  equation 
the  corresponding  power  gain  for  the  bridge  with  series  reset 


(22)  yields 
(figure  1(b)). 
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24.  Although  optimization  of  these  two  expressions  with  respect  to  the 
various  parameters  is  quite  complicated,  useful  design  information  can 

be  obtained  by  studying  the  expressions  when  ideal  components  are  assumed. 

25.  First,  when  ideal  reactors  are  assumed  (coercive,  (NI),  equal  to 
zero),  the  argument  of  the  arc  cos  term  in  each  of  the  power  gain  ex- 
pressions goes  to  201*0,  giving  for  equations  (23)  and  (24)  respectively: 


Thus  with  ideal  reactors  the  gains  of  the  bridges  of  figure  1 are  limited 
principally  by  rectifier  .evorse  resistance  RM. 

26.  When  the  rectifier  reverse  resistance  is  made  very  large  tho  ex- 
pressions of  equations  (23)  and  (24)  become  respectively  : 


27.  It  is  evident  from  equation  (27)  that  for  the  bridge  with  purallel 
ruset  tho  power  gain  is  limited  by  the  reset  circuit,  while  in  the 
bridge  with  series  roset  the  power  gain  increases  directly  with  the  rec- 
tifier reverse  resistance.  It  is  pointed  out  that  with  dry-disc  recti- 
fiers the  reverse  resistance  of  a rectifier  can  be  increased  with  an 
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attendant  increase  in  forward  resistance ; consequently,  since  the  tern 
Rf  in  the  above  expressions  contains  the  forward-- resistance  of  a power 

rectifier,  caution  must  be  used  in  trying  to  achieve  higher  gain  by 
increasing  the  power  rectifier  reverse  resistance.  The  expression  of 
equation  (23)  shows  that  if  synchronous  choppere  are  used  for  the  power 
rectifiers  quite  a large  gain  can  be  obtained  with  the  bridge  having 
series  reset. 

28.  From  the  nature  of  the  arc  cosine  it  is  evident  that  equation  (28) 
can  be  further  maximized  by  requiring  that  the  reset  resistance  RK  be 

zero*  This  reduces  equation  (28)  tos 

Rc- Rl  5* 

Rl  Rif- 


(Note  that  this  expression  is  independent  of  the  coercive,  (Nl).)  To 
achieve  this  and  still  have  a good  linear  range  in  the  amplifier,  the 
reset  turns  Nr  must  be  greater  than  the  power  turns  Ns  as  shown  by  a 
consideration  of  the  firing  angle  (equation  (8))  and  a study  of  the 
equivalent  circuit.  One  complication  arises  in  such  an  adjustment.  Due 
to  the  magnitudes  of  the  voltages  appearing  in  the  reset  circuit  a 
chopping  action  is  required  to  keep  the  reset  circuit  from  loading  the 
power  circuit  during  the  saturating  half-cycle.  This  chopping  action 
can  be  achieved  through  the  use  of  a synchronous  chopper  or  a biased 
rectifier. 


CONCLUSIONS 

29.  The  special  cases  for  the  bridges  of  figure  1 given  above  demonstrate 
the  usefulness  of  this  analysis.  The  analysis  can  be  examined  in  greater 
detail  to  givs  more  information  concerning  the  effects  of  various  com- 
ponents on  the  operation. 

30.  Since  the  time  delay  through  a half-wave  bridge  magnetic  amplifier 
stage  is  a constant,  independent  of  gain,  and  since  the  gain  is  mainly 
determined  by  the  power  rectifier  reverse  resistance,  "figure  of  merit" 
as  applied  to  full-wave  circuitry  has  no  meaning  in  connection  with  the 
half-wave  bridge.  This  is  true  because  the  gain  is  not  a function  of 
the  time  constant  of  the  amplifier. 

31.  A conventional  full— -a  vs  magnetic  amplifier  circuit  can  be  broken 
down  into  two  half-wave  circuits;  consequently,  an  analysis  of  this  type 
is  applicable  to  a full  -wave  circuit  with  only  one  generalization  — that 
of  an  additional  control  voltage  feeding  into  the  control  circuit  of 
each  half-wave  circuit  from  the  other  circuit.  Such  a view-point  is  a 
new  approach  to  an  analysis  of  full-wave  circuits  because  most  analyses 
in  the  past  have  started  with  a single-ended  full-wave  circuit  as  the 
fundamental  building  block. 
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A OOPMT>  TV  A 
m * fatti/xA  ii 

ANALYSIS  DURING  ilFSET  HALF-CYCLE  OF  CIRCUIT 
WITH  PARALLEL  RESET  FOR  QUIESCENT  CONDITIONS  (vc  = 0) 


1.  Under  quiescent  conditions  (vQ  = 0),  the  bridge  of  figure  1(a)  is 
always  balanced;  therefore,  no  net  induced  voltage  appears  in  the  ocn- 
trol  circuit.  Consequently,  the  control  circuit  can  be  disregarded  in 

an  analysis  of  quiescent  conditions.  Since  the  bridge  is  always  balanced 
both  reactors  operate  identically.  Hence  only  one  reactor  need  be  con- 
sidered. 

2.  At  the  3tart  of  the  reset  half-cycle  (t  = 0),  both  reactors  are  at 
point  a in  figure  5«  As  the  line  voltage  builds  up,  the  operation  of 
the  reactors  proceeds  from  point  a to  point  b in  figure  5,  reaching 
point  b at  the  time  tj . In  view  of  the  assumptions  concerning  the 

reactors  and  rectifiers,  the  equivalent  circuit  during  the  time  interval 
0 < t < t^  is  shown  in  figure  6.  Additional  assumptions  concerning  this 

equivalent  circuit  are  that  currents  flowir  • during  the  reset  half-cycle 

cause  negligible  voltage  drops  across  the  line  resistance  R_  and  the 

s 

load  resistance  and  the  circuit  parameters  are  so  adjusted  that  re- 
verse voltage  is  always  applied  to  the  rectifiers. 

3.  Considering  only  one  reactor,  since  both  operate  identically,  the 
equivalent  circuit  of  figure  6 is  described  by  the  following  equations: 


‘r-*» 

CAi) 

(Al) 

+» N*.»V  * Ni • 

(AS 

4.  These  equations  hold  for  the  interval  of  time  0 < t < t^,  where 

is  defined  as  the  time  at  which  the  net  ampere-turns  on  either  reactor 
equals  the  coercive  value,  (NI).  The  time  t^  is  found  from  the  above 

definition  and  equation  (A3)  thus: 


sin  +■ 

Solution  of  equation  (A4) 


u>t,  =(NX). 

for  the  time  t,  gives: 


13 


NAVOIiD  Report  3596 


t, 


ET  sin" 


R„(Nrj 

N,V. 


1 + 


N/> 


Bi 

R« 


5.  After  the  tic©  the  operation  of  the  reactors  proceeds  from 

point  b to  point  c on  the  loop  of  figure  5,  arriving  at  point  c at  the 
time  t2»  Thus,  in  the  time  interval  t^  < t < t2>  the  equivalent  circuit 
is  that  shown  in  figure  7.  The  equations  describing  either  reactor  in 
this  equivalent  circuit  are: 


(AO 

ys*  ia2Rfl'i-^ler , 

(A  7) 

NA  + ZNjij-CNl). 

(AS 

Two  quantities  are 

to  find  the  flux  0 
and  the  time  t2  at 


desired  from  this  set  of  equations  — the  voltage  er 

produced  in  the  reactors  during  the  revet  half-cycle, 
whic'  the  voltage  er  goes  to  zero,  such  that 


6.  Simultaneous  solution  of  equations  (A6),  (A7),  and  (AS)  yields  for 


The  time  t5»  defined  above,  is  found  by  equating  e to  zero.  The  result 
is : r 

(Aid) 

7.  The  flux  change  0 from  figure  5 is  given  by  Faraday's  Law  to  be. 

* 

t.  (AM) 
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Substituting  equation  (A9)  into  (All)  and  evaluating  the  integral  with 
the  limits  defined  by  equations  (A5)  and  (A10)  give:.: 


To  simplify  the  notation  let: 


I 4* 

And  then  equation  (A12)  becomes 

Nt  R> 


STS  ' 

H- 


4- 


Utv*  n>  *n) 


■j.t/Bpar  £•*  _ *0cas'e<*j  ■ 

i + HnJ  r„ 


(Al$ 


-•*r 


8.  During  the  time  interval  tg  f the  external  circuits  can 

not'  supply  the  coercive  ampere-turns  of  the  reactors  and  the  reactors 
operate  from  point  c to  point  d in  figure  5.  During  this  interval  of 
time  the  equivalent  circuit  is  once  again  that  shown  in  figure  6,  No 
flux  change  occurs  during  this  interval;  hence  the  total  flux  change 
during  the  reset  half-cycle  is  given  by  equation  (A14). 
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APPENDIX  B 

ANALYSIS  DURING  RESET  HALF-CYCLE  OF  CIRCUIT  WITH  SERIES  RESET 
FOR  QUIESCENT  CONDITIONS  (vc  = 0) 


I 


1.  Under  quiescent  conditions  (vq  =0),  the  bridge  of  figure  1(b)  is 
always  balanced.  Under  these  conditions  the  r.et  induced  voltage  in  the 
control  circuit  is  always  zero;  consequently,  the  control  circuit  can  be 
disregarded  in  this  analysis.  Also,  since  both  reactors  operate  iden- 
tically, the  operation  of  only  one  reactor  need  be  considered. 


2.  At  the  start  of  tne  reset  half-cycle  (t  = 0),  both  reactors  are  at 
point  a in  figure  5«  As  the  line  voltage  increases,  the  operation  of 
the  reactors  proceeds  from  point  a to  point  b in  figure  5,  arriving  at 
point  b at  the  time  Then,  for  the  interval  of  time  0 < t <t^,  the 

equivalent  circuit  of  figure  1(b)  is  shown  in  figure  8,  assuming  once 
again  that  currents  flowing  during  the  reset  half-cycle  cause  negligible 
voltage  drops  across  the  line  resistance  Ra  and  the  load  resistance  R^, 

and  the  parameters  are  adjusted  to  maintain  reverse  voltage  on  the 
rectifiers. 


3.  Considering  only  one  reactor,  the  circuit  of  figure  8 is  described 
by  the  following  equations: 


(Bl) 


Z Nj«j+  Nr'**  - N» . 


(B3& 


These  equations  hold  for  the  interval  of  time  0 < t < t^  where  t^  is 

defined  as  the  time  at  which  the  net  ampere-turns  on  either  reactor 
reaches  the  coercive  value,  (NI).  At  time  t^  equations  (Bl)  and  (B2) 

substituted  into  oquation  (B3)  yield: 


lin  u*t,  d- 


~ V<  *»*  «*>  *»  * (N 

R*  * 


oolution  of  equation  (B4)  for  the  time  t^  gives: 


(B+) 
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t, 


ut 


sin 


(BS) 


4.  After  the  time  t^  the  operation  of  the  rouctors  proceeds  from  point 
b to  point  c on  the  loop  of  figure  5»  arriving  at  point  c at  the  time  tj. 
In  the  time  interval  t^<  t < t£  the  equivalent  circuit  is  shown  in 
figure  9.  The  equations  describing  this  circuit  are: 


2NS  Nyiy  a (N  r)„ 


(BO 
C Bt ) 
(BS ft 


Two  quantities  are  desired  from  this  set  of  equations  — the  voltage  er 
to  allow  calculation  of  tho  flux  0 that  is  changod  in  the  reactors  during 
the  reset  half-cycle,  and  the  time  t2  at  which  the  voltage  er  goes  to  zero 
such  that  Tgj  < t2  < % • 


t>.  Simultaneous  solution  of  equations  (B6) , (B7)  and  (BS)  yields  for 
the  voltage  er: 


Ny 

Z 

U+\ 

[mJ 

& 
i I 

(B9) 


The  time  t , defined  above,  is  found  by  equating  the  voltage  e to  zero 
*■  r 

and  is  found  to  be: 


t,  = JL  _ f . 


6.  The  flux  change  0 (3ee  figure  5)  is  found  by  Faraday's  Law: 


*“■&/** dt* 

T, 


(Blft 
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Substitution  of  equation  (B9)  into  (Bll)  and  evaluation  of  the  integral 
with  the  limits  defined  by  equations  (B5)  and  (BIO)  leads  to  the  result: 


With  the  definition, 


equation  (B12)  becomes: 


I 4-  ~ ~ 

1 * R* 


4>s 


v« 

u»  Nv 


'***  R Ji 


[com  sin“fc<0  — 0C9  cos 


""X 


(ea) 


(B'4) 


7.  During  the  time  interval  t2  < t <"%>  the  reactors  operate  from 

point  c to  point  d in  figure  5 and  the  equivalent  circuit  is  once  again 
that  snown  in  figure  3.  No  flux  change  occurs  during  this  interval;  there- 
fore, the  total  flux  change  during  the  reset  half-cycle  is  given  by 
equation  (B14). 
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APPENDIX  C 

ANALYSIS  DURING  OPERATING  HALF-CYCLE  OF  DOTH  CIRCUITS 
FOR  QUIESCENT  CONDITIONS  {vQ  = 0) 


1.  With  the  assumption  that  the  reset  circuits  cause  nepl igible  loading 
on  the  reactors  during  the  operating  half-cycle,  the  equivalent  circuits 
of  figures  1(a)  and  1(b)  become  the  sume  for  this  period  of  operation. 

At  the  start  of  the  operating  half-cycle  both  reactors  are  at  point  d of 

figure  5«  The  currants  that  flow  while  the  cores  are  unsaturated  are 

assumed  to  cause  negligible  voltage  drops  across  the  line  resistance  R_, 

s 

the  rectifier  forward  resistance  Rj>,  and  the  loud  resistance  Rr  ; there- 
fore,  the  operation  of  the  cores  changes  from  point  1 to  point  e in 
figure  5 in  essentially  zero  time.  This  leads  to  the  equivalent  circuit 
of  figure  10  for  the  time  interval  0 < t < t^  where  t^  is  the  time  at. 
which  the  operation  of  the  reactors  reaches  point  f in  figure  5.  • 

2.  The  net  induced  voltage  in  the  control  circuit  is  zero;  therefore, 
the  control  circuit  is  omitted  from  the  equivalent  circuit. 

3.  In  view  of  the  assumptions,  the  supply  voltage  vc  is  applied  directly 
across  the  power  windings  as  shown  in  the  equivalent  circuit;  conse- 
quently, the  time  t^  is  found  from,  Faraday’s  Law: 


O 


where  0 is  the  flux  level  in  the  two  reactors  after  the  next  previous 
reset  half-cycle  as  shown  on  the  loop  of  figure  5»  Evaluating  the  inte- 
gral i.n  equation  (Cl)  leads  to: 


COS  wt,= 


i — 


2 uj  Nst 

X,  ' 


(C2) 


Equation  (C2)  gives  the  quiescent  "firing  angle"  U)t-  as  a function  of 
the  flux  0 produced  during  the  next  previous  reset  half-cycle  and  the 
system  parameters, 

4.  During  the  time  interval  t^  < t < the  reactors  are  saturated 

und  operate  at  the  saturation  flux  level  0g  (see  figure  5)»  During  this 
time  interval  the  equivalent  circuit  is  that  shown  in  figure  11,  Note 
that  the  bridge  is  still  balanced;  therefore,  no  current  flews  through 
the  load  resistance  R^  during  this  interval.  The  current  flowing  in  the 
bridge  during  this  interval  is: 
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■yt 


+*Rf. 


(ci) 


where  i Is  the  current  flowing  in 

5.  During  the  time  interval  t^ < 
into  the  bridge  is 


each  arm  of  the  bridge, 
t < the  instantaneous  power 


P"2i sM  , 


and  the  average  quiescent  power  is  given  by: 


.is 

Zi,*  dr. 


(cm 


Substitution  of  equation  (C3)  into  equation  (C5)  and  evaluation  of  the 
integral  gives  the  quiescent  power: 

R ~ -L.  - $ fir  -oitj  4-  sin&ta  cos  *>rt]  (c*) 

**  eTTCR*+^)L 

If  the  quiescent  power  is  desired  in  terms  of  the  "firing  angle"  ' 

OJ  ij,  equation  (C6)  is  used.  Substitution  of  equation  (C2)  into  (C6) 
leads  to: 


Ztr  (Rg  4 -Rf) 


-» 

cos 


When  the  quiescent  power  is  desired  as  u function  of  system  parameters 
only,  the  value  of  the  flux  0 for  the  parallel  reset  circuit  can  be  sub- 
stituted from  aquation  (A14)  of  Appendix  A und  for  the  series  reset 
circuit  from  equation  (B14)  of  Appendix  B.  In  this  manner  the  quiescent 
cower  is  determined  for  either  bridgo  circuit  of  figure  1 as  a function 
of  adjustable  system  parameters. 
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6.  if  thr>  average  value  of  the  quiescent  current  in  each  eras  of  the 
bridge  is  desired,  it  can  be  found  from  equation  (C3) : 


tj 

Evaluation  of  the  integral  gives: 

r (l  +-  COSOJf3). 

S “ +1T  (*s  +*  **#) 

And  substituting  from  equation  (C2),  (C9)  becomes: 


(CO) 


c.n 


/n  . ON 
V rv  s t-  • sf., 


(cio) 


The  appropriate  value  for  the  flux  0 can  be  substituted  into  this  ex- 
pression to  obtain  the  uveruge  value  of  the  quiescent  current  as  a func- 
tion of  adjustable  system  parameters. 

7.  Another  quantity  that  may  be  desired  from  an  analysis  of  the  quies- 
cent conditions  is  the  firing  angle  CD  t_  as  a function  of  the  system 
parameters.  For  the  bridge  with  parallel  reset  of  figure  1(a)  this  func- 
tion is  found  by  substitution  of  equation  (A14)  from  Appendix  A into 
equation  (C2)  to  give 


cos  out3-  I — 


Sir  , 

[ ■ 


*ec 


J 


(cii) 


whore  oCQ  is  defined  by  equation  ( A 1 3 ) of  Appendix  A.  The 
angle  (JJt^  for  the  bridge  wiln  aeries  reset  of  figure  1(b) 

a function  of  the  system  parameters  by  substituting  equation 
Appendix  B into  equation  (C2),  thus: 


firing 
is  found  as 
(B14)  from 
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cos  o>^% 


where  OCQ 
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APPENDIX  D 


ANALYSTS  DURING  RESET  HALF-CYCLE  UK  CIRCUIT 
WITH  PARALLEL  RESET  FOR  DIRECT  CONTROL  VOLTAGE,  Vc 


1.  Luring  the  reset  half-cycle,  the  control  voltage  VQ  causes  a flux 
difference  A 0 betueen  the  two  reactors.  This  flux  difference  A0  in 
turn  determines  the  amount  of  loud  current  that  flows  on  the  next 
operating  half-cycle.  Therefore,  the  quantity  to  be  found  from  an 
analysis  of  the  reset  half-cycle  is  the  flux  difference  A 0 us  a function 
of  the  control  voltage  V<j» 

2.  When  the  control  voltage  has  the  polarity  shown  in  figure  1(a)  and 
t = 0 (start  of  the  reset  half-cycle),  reactor  1 is  operating  at  point  a 
and  reactor  2 is  at  point  b on  the  loop  of  figure  12.  The  distance  ac 

is  equal  to  the  distance  be.  As  the  supply  voltago  increuses,  the  opera- 
tion of  both  reactors  will  proceed  to  the  left  i »hown  by  the  arrows 
in  figure  12,  with  reactor  1 reaching  point  d at  the  time  The 

operation  of  reactor  2 will  reach  point  d at  a later  time,  t^. 

3.  During  the  time  interval  0 < t <.  t^  the  equivalent  circuit  of 

figure  1(a)  in  given  in  figure  13.  Some  assumptions  are  made  concerning 
this  circuit.  Currents  that  flow  during  the  reset  half-cycle  cause 
negligible  voltage  drops  across  the  load  resistance,  R^,  and  the  line 
resistance,  R3.  The  total  reset  circuit  resistance  including  rectifier 
and  winding  resistance  is  lumped  into  the  resistance  Rb,  Also,  the 
parameters  must  be  adjusted  so  that  reverse  voltage  i3  on  the  power  cir- 
cuit rectifiers.  (In  practical  cases,  this  is  the  assumption  that 
breaks  down  under  very  largo  signal  conditions  and  limits  the  maximum 
output  of  the  stage.)  The  equations  describing  the  equivalent  circuit 
of  figure  13  are: 


Since  hot.h  reactors  are  in  a saturated  condition  during  thi3  interval 

no  flux  churge  will  occur  Ln  either  reactor.  The  time  t.  is  defined  as 

4 

the  time  at  which  the  operation  of  reactor  1 reaches  point  d 
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in  figure  1?,  This  means  that  time  t^  is  the  time  at,  which  the  net 
ampere-turns  on  reactor  1 equal  the  coercive  value  (NI): 


Ny.  if,  (fy)  + 2 Nj  ^,(14)  +*  Ne  *e  ( ?+)  - (Nl) » 


(D4J 


substituting  equations  (D.l),  (D2),  and  (D3)  with  the  definition  of  Vg 
given  in  figure  13  leads  to: 


Vs  s i n cut.  4 V4  si*  u)U  +■  Vc  - (Ml), 

Jolution  of  equation  (D5)  for  the  time  gives: 


U=Zo  ■s,  n’1 


ftfcfNl)  Ne  R* 

MVj  Nr  Rc 


NtRn 


m 


(D5) 


(06) 


If,  os  in  equation  (A13)  of  ,'ppendix  A,  a factor  OCq  is  defined  as 


«©  = 


5?^  Ca/t'* 

T1  ~ * 
U \/ 

-i^r  . 

7JTK 


i + 


and  another  factor  is  defined  us 


<*i  = 


Ng 

Ny 


1 


Tien  equation  (DC)  becomes 


t\f  » ~ Si"'1  («0-«t 


(P7) 


(06) 


(OS) 


24 


NAVORD  Report  3596 

4.  After  the  time  t^  the  operation  of  reactor  1 proceeds  down  the  side 
of  the  loop  as  shown  by  the  arrows  in  figure  12,  while  oha  operation  of 
reactor  2 continues  along  the  top  of  the  loop  arriving  at  point  d at,  lima 
t^.  During  the  interval  t^  < t < t^  an  amount  of  flux  A ^ is  changed 

in  reactor  1 while  no  flux  is  changed  in  reactor  2,  During  this  interval 
the  equivalent  circuit  is  3hown  in  figure  14  with  the  previous  assump- 
tions still  applying.  The  equations  describing  this  circuit  are: 


Nv 

v*s  4“i*tRta  » 

(DIO) 

v«*  » 

(OH) 

M = ®Ct  + *c  5 

(Oil) 

E N*  is,  4*  N*.  iV(  +•  ic  = (N i)  , 

0><3) 

(014) 

; M 

(01 5) 

Two  quantities  are  desired  from  this  3et  of  equations  — the  voltage  e 

c 

to  allow  calculation  of  the  flux  change  A 0^  occurring  in  reactor  1 
during  this  interval,  end  the  time  tg  at  which  the  net  ampere-turns  in 
reactor  2 equals  the  coercive  value  (NI). 


1 


5.  The  voltage  ec  on  the  control  winding  of  reactor  1 during  the  intsr^ 

val  t^  < t < tc  is  knind  by  simultaneous  solution  of  equations  (DIO) 
through  (D13)  to  be: 
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The  time  t^  is  found  by  equating  the  net  ampere  turns  on  reactor  2 to 
the  coercive  value  thus : 


2 N,  I's  t(V)  + Nr  - NC  *c  W “ (N  l)  • 


(017) 


Substitution  of  the  appropriate  values  of  the  currents  from  equations 
(D12),  (D14),  and  (D15)  leads  to  the  evaluation  of  the  time  t,.; 


Using  the  value  of  OC  defined  in  equation  (DIO)  with  the  definition 
of  « 2 : 


equation  (D18)  becomes; 

t,=  (°lo'> 

6.  During  the  interval  of  time  t . < t •<  t,  no  flux  change  occurs  in 

4 5 

reactor-  2;  therefore,  any  flux  change  that  occurs  in  reactor  1 during 
this  interval  will  contribute  to  the  total  differential  flux  A 0 
between  the  reactors  at  the  end  of  the  reset  half-cycle.  Denoting  the 
flux  change  in  reactor  1 during  the  interval  t^<  t < t^  as  A0^,  it 

Is  found  by  Faraday's  Law: 
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(dzi) 


Substituting  equation  (D16)  into 
gration  leads  to: 


equation  (D21) 


ana  performing  the  inte- 


< %+*(■%)' %(s~ 4 


COS  - cos  tots) 


1 


(Oiz) 


tUb*fmWBS  <M2)  fr°"  'O'”110"3  (D9)  for  t,(  (D2C)  for 

V <D7>  for  OC0.  «nd  the  definition  4 


A t m *-  • ‘ J - 


(0i9) 


and  simplification  of  the  resulting  expression  yields: 


^ / :os  s»n’,(«o-o{,Vi)—  co*  sin 

* ( 


(D24) 
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7.  At  the  time  t^  reactor  2 reaches  point  d of  figure  12  and  remains 
unsaturated  (net  ampere- turns  equal  to  the  coercive  value  (NI))  until 
time  t^  when  the  operation  of  reactor  2 reaches  point  e on  the  loop  of 
figure  12.  During  this  interval  of  time  (t^<  t •<  t^)  the  equivalent 
circuit  is  that  shown  in  figure  15  . (The  previous  assumption-’  still 
hold.)  The  equations  describing  this  equivalent  circuit  are: 


Nr  p 

V*eN^et'  + V'Rk  ’ 

(owft 

(ozf) 

(Olf) 

vc«  <2c,— Ce*.  +,*c 

(D2Si) 

ZNsitl+N>ltt  + Neic*(AU)  9 

(Dad) 

ZN,igg+Nflrt~NJc  a(#Q  • 

(DSO 

Two  quantities  are  desired  from  this  set  of  equations  — the  voltage 
(e  - e ) to  be  u3ed  in  calculating  the  flux  difference  esta- 

12 

blished  between  reactors  1 and  2 during  this  interval;  and  the  time  t^ 
which  is  defined  as  the  time  at  which  the  voltage  ec  goes  to  zero  such 
that  < tfc  < % . 2 

8.  Simultaneous  solution  of  equations  (D25)  through  (D31)  for  the 
voltage  (®c^  “ 


(0*2) 


Note  that  this  equation  oun  be  simplified  to 


SCO 


NAVORD  Report  3!>96 


K.Nc 


R&4-K, 


J 


(033') 


Where 


K.* 


Rk  R« 


(oa4) 


The  time  t^  can  be  found  by  solving  equations  (D25)  through  (D31)  for 
the  voltage  ec  and  finding  the  time  such  that  < tfc  < , that 

makes  this  voltage  zero.  Such  a process  yields  for  the  time  t,  : 

6 


9.  The  flux  difference  A ^ produced  between  the  levels  in  reactors 
1 and  2 during  the  time  interval  t ^ < t < t^  is  found  from  Faraday's  Law: 


Substitution  of  the  voltage  (e„ 

.1  w2 


eC2)  from  equation  (D33)  into  this 
expression  and  evaluation  of  the  integral  yields: 


a4> 

1 Rt+K.Nt1- 


(037) 


Substituting  from  equation  (D20)  for  time  t and  making  use  of  the 
identity:  5 

COS-1  C.  * - Sin-1*  *> 


(0*8) 


equation  (D37)  becomes: 


Co.-fo^cOO. 


(03$) 


10.  After  the  time  t^  the  operation  of  reactor  1 continues  down  the 

side  of  the  loop  toward  point  f in  figure  12,  while  the  operation  of 
reactor  2 goes  from  point  e toward  point  g in  the  same  figure.  Defining 
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the  time  ty  as  the  time  at  which  reactor  1 reachen  point  f of  figure  12, 
the  equivalent  circuit  for  the  time  interval  t^  < t < ty  is  once  again 

that  shown  in  figure  14  described  by  equations  (DIO)  through  (D15)» 
During  this  time  interval  no  flux  is  changed  in  reactor  2,  brut  an  amount 
of  flux  is  changed  in  reactor  1 and  solution  of  equations  (DIO)  tiirough 
( D1 5 ) will  show  that  this  flux  change  is  the  same  as  0-^  (see  equation 
(D24)  while  the  time  t?  is: 


(D4<* 


where  time  t^  is  given  by  equation  (D9). 

11.  During  the  time  interval  t^  < t no  flux  is  changed  in  either 

reaetor;  consequently  the  net  differential  flux  Atf  produced  between 
the  flux  levels  in  reactors  1 and  2 due  to  the  control  voltage  Vc  during 
the  reset  half-cycle  is: 

where  A 01  is  given  by  equation  (D24)  and  by  equation  (D3?). 

Jubstitution  of  these  values  into  equation  (D41)  yields: 


Nfr—r  COST'C <*o  +" 

Rc+- K,N?  w V 


U>  Ny  /S\  ^ 


fM,  Rk  V,  \ ,cT) 

/ N>  Rk  4 _ + Kl\0  - S i -*v9j  j . 

y 


hi) 


Note  that  for  small  signals  (V-h*0)  equation  (D42)  reduces  to: 
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K,N. 

rTTk;nc 


^4-  COS-'**©  . 
(jl> 


(D43) 


Which  demons trutt?s  that  for  small  signals  the  flux  difference  A 0 is 
a linear  function  of  the  control  voltage. 
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APPENDIX  S 

ANALYSIS  DURING  RESET  HALF=CYCLE  OF  CIRCUIT 
WITH  SERIES  RESET  FOR  DIRECT  CONTROL  VOLTAGE,  V 

o 


1.  When  the  control  voltage  has  the  polarioy  anown  in  figure  1(b)  and 
t = 0 (start  of  the  reset  half-cycle),  reactor  1 1b  operating  at  point  a 
and  reactor  2 is  at  point  b on  the  loop  of  figure  12.  As  the  supply 
voltage  increases,  the  operation  of  both  reactors  proceeds  to  the  left 
as  shown  by  the  arrows  in  figure  12,  with  reactor  1 reaching  point  d at 
time  t^.  The  operation  of  reactor  2 will  reach  point  d at  a later  time  t^. 

2.  Soma  assumptions  are  made  to  simplify  the  equivalent  circuits 
during  the  reset  half-cycle.  Currents  flowing  during  the  reset  half- 
cycle are  sufficiently  small  that  negligible  voltage  drops  occur  acrosa 
the  line  resistance  Rg  and  the  load  resistance  R^.  All  the  reset  circuit 

resistance  (rectifier  forward  and  winding)  is  lumped  into  R^.  The  cir- 
cuit parameters  must  be  adjusted  to  maintain  reverse  voltage  on  the  power 
circuit  rectifiers.  If  this  is  not  satisfied  the  control  circuit  will 
be  loaded  by  the  low  rectifier  forward  resistance  reflected  through  the 
power  windings  and  very  little  control  can  be  exercised.  This  is  the 
condition  ths  t normally  limits  the  maximun  output  of  the  amplifier. 

3.  In  view  of  these  assumptions  the  equivalent  circuit  of  figure  i .(h) 
for  the  interval  of  time  0 < t < t^  is  given  in  figure  16.  The  equa- 
tions describing  this  circuit  ares 


The  operation  of  reactor  1 will  reach  point  d at  time  t,  which  is  defined 

as  the  time  at  which  the  net  ampere-turns  on  reactor  1 are  equal  to  the 
coercive  value  (NT): 

i*0 +■  Nci M =(Ni). 


\4 

*c# 


Substituting  into  equation  (E4)  from  (Ei),  (E2)  and  (E3)  with  tho  value 
for  the  supply  voltage  given  in  figure  16  yields: 
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sin  sin  *4+1-  ~ vt  - (NT). 


Rm 


Solution  of  this  expression  for  the  time  t^  gives: 


f e-!~  Sin”1 

'4  U> 


Mti il 


(*6) 


Using  the  definitions  of  OCQ  and  as  given  in  Appendix  D: 


0<o—  " 


2 

Vk 


and 


Rr 


(E-ft 


Equation  (Eb)  becomes: 


t^,=  ~j"  p<iVO» 


(ES» 


4.  After  the  time  t.  the  operation  of  reactor  1 proceeds  down  the  aide 

4 

of  the  loop  as  shown  by  the  arrows  in  figure  12,  while  the  operation  of 
reactor  2 continues  along  the  top  of  the  loop  arriving  at  point  d at  time 

t,.  During  the  interval  t,  < t < tc  no  flux  is  changed  in  reactor  2,  but 
J » j *♦  5 

a flux  change  41^  occurs  in  reactor  1.  During  this  interval  the 

equivalent  circuit  is  shown  in  figure  17.  The  equations  describing  this 
circuit  are: 


(BIO) 
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<£lft 

(£1$ 

2N*  »i,  +•  Nh1*-  4^®  *c  = 1 

(£»a) 

; _ VS 

(EI4) 

Two  quantities  are  desired  from  these  equations  — the  voltage  ec^  to 
allow  calculation  of  A 0^,  and  the  time  tj  at  which  the  operation  of 
reactor  2 reaches  point  d on  the  loop  of  figure  12. 


5.  The  voltage  ec  on  the  control  winding  of  reuctor  1 during  the  inter- 
val t , < t < t,  is  found  bv  solving  equations  (E10)  through  (E14)  to  be: 


„ Ni 


Vs  $’»»>  cut  •+• 


/ Ngf  Rw  v RfcfrJl) 

W Rt  c~  Nv  “W“  /C!^ 


The  time  t.  is  found  by  eauating  the  net  ampere-turns  on  reactor  2 to 
5 

the  coercive  value: 


2 ■+*  NijV(fy)  - Nc  *c(V)  ■ (^0-  (E  l£) 

substitution  of  the  appropriate  values  of  currents  from  equations  (E10), 
(E12),  and  (E14)  leads  to  the  evaluation  of  t^: 


t* 


Using  the 


(EI7) 
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■fife  4- It 

k 1 ■*“  a£  «*/  ( Nr]  Rc  M Nv/ 


Equation  (E17)  becomes 


uT  sinr'  (ol«*!‘otsN4) 


(£18^ 


(CO) 


6.  During  the  interval  of  time  t^  < t < t no  flux  change  occurs  in 
reactor  2;  consequently,  the  flux  change  A 0^  which  occurs  in  reactor  1 

during  this  interval  contributes  directly  to  the  net  differential  flux 
produced  between  the  reactors  during  the  reset  naif-cycle.  The  flux 
difference  A 0^  can  be  found  from  Faraday's  Low: 

-k:  I <»  ■ 


Substituting  equation  (E15)  into  (E20)  and  performing  the  integration 
yields  : 

"*■' * f ifeSfg  5c‘“  "’*  ■ “ 


(N$  & w _ * 


■(rT-u)j 


(ezt) 


Using  the  definitions  of  t from  equation  (E9)  and  t from  (E19)  and 

4 5 

^ from  equation  (D23)  of  Appendix  D,  equation  (E21)  becomes: 
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gjNr 


7.  At  the  time  t5,  reactor  2 reaches  point  d of  figure  12  and  remains 
unsaturated  until  time  t6  when  the  operation  of  reactor  2 reaches  point  e 
on  the  loop  of  figure  12.  During  this  interval  of  time  (t^<  t < tfe) 
the  equivalent  circuit  is  that  shown  in  figure  18.  The  equations  des- 
cribing this  circuit  a* 


(6Z3) 

c 

(6M) 

*?*♦*••■'“* R'’ 

(£23) 

Ve  « eC|  — ic  9 

(Elt) 

My  iy  + Z N 1 »*t+  Ne »c  e(W  0 » 

(EZ7) 

Ny  i*.  4-2.  Nc  ic  = ^ * 

(uZS) 

Two  quantities  are  desired  from  this  3et  of  equations  — the  voltage 
(ee  - e ) to  be  used  in  calculating  the  flux  difference  esta- 


blished between  the  reactors  during  this  interval,  and  the  time  t^  at 
which  the  voltage  eQ  goes  to  zero  such  that  . 


S.  Solution  of  equations  (E23)  through  (E28)  for  the  voltage 
yields : 


e*i  ~ = 


h: 

— 3" 


*t+ 


Note  that  in  a similar  manner  to  that  U3ed  in  Appendix  D,  equation  (E29) 
can  be  put  in  the  form: 
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where 


Km.Nc  Vi 


(ESdb 


The  time  can  be  found  by  solving  equations  (E23)  through  (E28)  for 
the  voltage  ec  and  equating  it  to  zero  to  find  time  t such  that 

2%- 


t-  £•  - f*. 


9.  The  flux  difference  produced  between  the  levels  in  the  two  reactors 
during  the  interval  of  time  t^  < t < t^  is  found  from  Faraday* s Law: 

I 

A 

(SSB) 


757  /(£«-»“ 


Evaluating  the  integral  using  equation  (E30)  gives: 


R 6 + N& 


(BM) 


Substituting  the  time  t^  from  equation  (E19)  and  using  the  identity: 


COS-’ a =1-2. -Sin'1  a , 

Equation  (E34)  becomes: 


KtNc_  \Jc  cos-l  (oic  4-  <**Vc5. 

Rt 


(E3V) 


10.  After  the  time  t,  the  operation  of  reactor  1 continues  down  the 

o 

side  of  the  loop  toward  point  f in  figure  12,  while  the  operation  of 
reactor  2 goes  from  point  e toward  point  g in  the  same  figure.  Defining 
time  t as  the  time  at  which  reactor  1 reaches  Doint  f of  figure  12, 
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the  equivalent  circuit  for  the  time  interval  t^  < t tj  is  once  again 
that  shown  in  figure  17  witr.  equations  (E10)  through  (E14)  describing  the 
circuit.  During  this  interval  of  time  there  is  no  flux  change  produced 
in  reactor  2,  while  in  reactor  1 a flux  change  A 0^  occurs  which  is  the 

csume  as  that  occurring  during  the  interval  t^<C  t<.t^.  This  can  be 

shown  to  be  true  by  solution  of  the  appropriate  equations  or  by  physical 
reasoning. 

11.  At  the  time  tj,  found  to  be 

4=57- 4-  (esh 


reactor  1 reaches  point  f on  the  loop  of  figure  12*  During  the  interval 
of  time  tj  < t <%  , no  flux  change  occurs  in  either  reactor;  con- 

sequently the  net  flux  change  produced  between  the  levels  in  the  two 

reactors  during  the  reset  half-cycle  due  to  a control  voltage  V is: 

c 


where  A 0^  is  given  by  equation  (E22)  and  & 0 ^ by  equation  (E36). 
Substitution  of  these  values  into  equation  (E33)  yields: 


T Rc-HVv  OJ 


+ y*  fcos  fitri/otf-  0<,\/c)  - cos  sinm,(o(0+«M 

/*.  ( 

+ fl jj  - £K.J[iih-'(«.+«,Vc)  - Jin 


(£39) 


Note  that  for  3mall  signals  (Vc — ^0)  equation  (E39)  reduces  to: 
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KtNc 

Rc+KtNc 


cajf'cx©. 

CaJ 


This  demonstrates  that  for  small  signals  the  flux  difference 
linear  function  of  the  control  voltage. 


(E4d) 

0 is  a 
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APPENDIX  F 

ANALYSIS  DURING  OPERATING  HALF -CYCLE 

OF  BOTH  CIRCUITS  FOR  DIRECT  CONTROL  VOLTAGE,  V. 

c 


1.  In  order  to  draw  an  equivalent  circuit  for  the  half-wave  bridge 
magnetic  amplifier  for  operation  during  the  operating  naif-cycle,  a num- 
ber of  assumptions  must  be  made.  The  assumptions  apply  to  both  circuits 
of  figure  1. 

a.  The  saturated  impedance  of  each  arm  cf  the  bridge  (resistance 
of  one  power  winding  plus  the  forward  resistance  of  one  rectifier)  is 
denoted  P.^.  end  ,1.s  assumed  resistive. 

b.  The  voltage  drops  across  the  rectifier  forward  resistances  and 
the  load  resistance  due  to  reactor  exciting  currents  are  negligible. 

c.  The  reset  circuits  have  no  effect  on  the  circuit}  hence  they 
can  be  disregarded  during  this  half-cycle  of  operation. 

d.  When  load  current  flows,  it  is  very  large  compared  to  the 
exciting  current. 

e.  The  control  circuit  presents  a sufficiently  high  impedance  to 
the  load  circuit  that  it  can  be  disregarded. 

2.  Using  the  above  assumptions  the  equivalent  circuit  for  both  figures 
1(a)  and  l\b)  is  shown  in  figure  19  for  the  time  interval  0 < t <,  tg 

where  tg  is  defined  as  the  time  at  which  the  operation  of  reactor  2 
reaches  point  i in  figure  12.  During  this  interval  the  reactor  fluxes 
change  at  the  same  rate;  therefore,  when  the  operation  of  reactor  2 
reaches  point  i in  figure  12  (t  = tg),  an  amount  of  flux  A 0 must  be 
changed  in  reactor  1 before  it,  too,  reaches  point  i.  The  time  at  which 
this  occurs  is  defined  as  tg. 

3.  During  the  time  interval  tg  < t < tg  current  is  delivered  to  the 

load.  The  equivalent  circuit,  for  this  time  interval  is  given  in  figure 
20.  In  view  of  assumption  (d)  above,  by  simple  voltage  division: 


and 


e - !Ltf5 1 y* 

3 RU4 3 ’ 


X = 


Rl 


(F0 


(F2) 
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The  flux  change  in  reactor  1 during  the  time  Interval  tg  < t < tg  is, 
by  Faraday's  Laws  * 


While  the  average  value  of  the  load  voltage  is: 


(F3) 


;/x 


dt. 


(F4) 


Substituting  equation  (FI)  into  (F3)  and  (F2)  into  (F4)  gives: 


and 


(F*l 


(«.) 


Elimination  of  the  intepial  betweon  equations  (F5)  and  (F6)  leads  to: 


UJ 

U TT 


(F7) 


This  is  a gain  equation  describing  the  operation  of  the  circuit  during 
the  operating  half-cycle  because  the  input  on  this  half-cycle  is  the 
flux  difference  A 0,  while  the  output  is  the  load  voltage  V, . 

L 
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APPENDIX  G 

GAIN  EQUATIONS  AND  OPTIMIZATION  OF  CONTROL  CIRCUIT 
WITH  PARALLEL  RESET 


1.  Combining  equations  (D42)  of  Appendix  D and  (F7)  of  Appendix  F 
giveJ  the  average  load  voltage  V.  as  a function  of  the  direct  control 

voltage  Vc: 


This  equation  indicates  the  types  and  magnitudes  of  non-linearities  in 
the  transfer  function  of  this  amplifier  even  when  "ideal"  components  are 
assumed. 


2,  In  a practical  amplifier  of  this  type  tnere  is  a good  usable  range 
of  output  levels  over  which  the  gain  is  very  nearly  constant.  Also,  in 
servo  applications  the  gain  of  interest  in  studying  stability  is  the 
gain  near  zero  control  voltage.  In  this  region  the  expression  of  equation 
(G1 ) simplifies  to: 


IT 


cos"'o<© , 


(GZ) 


Good  design  information  can  be  obtained  by  studying  this  expression. 


I 
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3.  Inspection  of  equations  (D7)  and  (D3A)  of  Appendix  b shows  that, 
neither' nor  Of  c is  a function  of  the  control  turns  Nc;  therefore  the 
expression  given  in  equation  (G2)  can  be  maximized  with  respect  to  Nc  by 
taking  the  partial  derivative  of  the  expression  with  respect  to  Nc  and 
equating  to  zero  thus : 


A/. 

d'Se  \ 


Rf/j  Re+.K.tf* 


IT 


Solution  of  this  expression  for  N yields: 


(«) 


(64) 


Substitution  of  this  value  for  Nc  into  equation  (G2)  gives: 


M.  ( *L  \ m n. 

Ve  Uu+R./ » (?t  Zrr 


CO*"'  0fo  . 


(6$) 


This  equation  holds  true  so  long  as  Nc  is  adjusted  according  to  equation 
(G4),  in  which  case  this  is  the  maximum  attainable  gain  if  all  the  para- 
meters except  Nc  are  fixed. 

4.  The  optimization  of  this  expression  with  respect  to  the  other  para- 
meters is  quite  involved.  The  effect  of  such  one  on  the  gain  can  be 
Investigated  but  it  is  rather  difficult  to  derive  simple  conditions  like 
that  for  the  control  turns  above. 

5.  If  the  power  gain  of  the  d-c  component  of  the  output  is  desired, 
this  can  be  obtained  from  equation  (G5)  thus: 


Rc 

Ru  V? 


Rl 

(Rl  f-  Rf)* 


(66) 


Note  that  this  expression  is  independent  of  the  control  circuit  para- 
meters. Thus,  with  the  design  of  the  power  and  reset  circuits  and  with 
the  control  turns  adjusted  according  to  equation  (G4) , equation  (Cb) 
gives  the  maximum  obtainable  power  gain  through  the  circuit.. 
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APPEND  LX  H 

GAIN  EQUATIONS  AND  OPTIMIZATION  OF  CONTROL  CIRCUIT 
WITH  SERIES  RESET 

1.  Combining  equations  (E39)  of  Appendix  E and  equation  (F7)  of 
Appendix  F gives  the  average  load  voltage  as  a function  of  the  direct 

control  voltage  Vc: 

m 

Rc  + KtN?  IT  1 


Note  that  except  for  the  definitions  of  K;>  and  this  expression  is 
the  same  as  equation  (Gl)  of  Appendix  G for  the  circuit  with  parallel 
reset. 


2.  For  small  signals  (Vc — ►0),  equation  (HI)  simplifies  to: 


Nt  / » l_\  ( K,NC  \ Nj 

Vc  (Rc  + KiNcV  tt 


COS-' 


(Htf 


This  is  the  same  form  as  equation  (G2)  of  Appendix  G;  hence,  to  adjust 
the  control  turns  for  optimum  gain,  the  control  turns  must  he  adjusted 
according  to: 


Substitution  of  this  value  Into  equation  (H2)  yields: 


U, 


I 


NAVORP  Report  3596 


V *«  Zn 


COS "'c^o 


(H41 


This  equation  holds  true  when  Kc  U adjusted  according  to  equation  (H3). 
If  all  other  parameters  except  Nc  are  fixed,  this  expression  elves  the 
maximum  gain  obtainable. 

i r .Van  T<ost  of  the  Darameters  is  complicated  but 

“iSrS  jssri  ss  »?*■=. 

be  derived  for  the  other  components. 


(H5) 


1.  The  pouer  gain  to  the  d-c  component  of  the  output  Is  i 

ik 

SJSJKTuSSrf 1S.*SSa*  circuit  so  long  as  the  control  turns  Nc 
are  adjusted  according  to  equation  (H3)» 
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FIG.  I -HALF-WAVE  BRIDGE  MAGNETIC  AMPLIFIER  CIRCUITS 
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FIG.  3-Fi.UX-MMF  LOOP  OF  REACTOR 
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FIG.  4- EQUIVALENT  CIRCUIT  OF  RECTIFIER 
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FIG.  5 - OPERATING  FLUX-MMF  LOOPS  UNDER  QUIESCENT 
CONDITIONS 
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FIG.  6 - EQUIVALENT  CIRCUIT  WITH  PARALLEL  RESET  - RE- 
SET HALF-CYCLE -QUIESCENT  CONDITIONS  AND 
BOTH  REACTORS  SATURATED 
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FIG.  7-  EQUIVALENT  CIRCUIT  WITH  PARALLEL  RESET  - 
RESET  HALF -CYCLE  — QUIESCENT  CONDITIONS 
AND  DOTH  REACTORS  UNSATURATED 
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FIG.  8 - EQUIVALENT  CIRCUIT  WITH  SERIES  RESET  — 
RESET  HALF-CYCLE— QUIESCENT  CONDITIONS 
AND  BOTH  REACTORS  SATURATED 
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G.  9 — EQUIVALENT  CIRCUIT  WITH  SERIES  RESET  — 
RESET  HALF-CYCLE  — QUIESCENT  CONDITIONS 
AND  BOTH  REACTORS  UNSATURATED 
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FIG.  10  - EQUIVALENT  CIRCUIT  - OPERATING  HALF-CYCLE  - 
QUIESCENT  CONDITIONS  - BOTH  REACTORS 
UNSATURATED 


Rs 


FIG.  II — EQUIVALENT  CIRCUIT  — OPERATING  HALF-CYCLE  — 
QUIESCENT  CONDITIONS -BOTH  REACTORS 
SATURATED 
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FIG.  12- OPERATING  FLUX-MMF  LOOPS  OF  REACTORS 
WITH  CONTROL  SIGNAL 
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EQUIVALENT  CIRCUIT  WITH  PARALLEL  RESET  - 
RESET  HALF- CYCLE  — SIGNAL  CONOlTiONS  ANO 
BOTH  REACTORS  SATURATED 
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FIG.  14  EQUIVALENT  CIRCUIT  WITH  PARALLEL  RESET  

RESET  HALF  CYCLE—  SIGNAL  CONDITIONS 
AND  ONE  REACTOR  SATURATED 


REACTOR  2 
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FIG.  15  EQUIVALENT  CIRCUIT  WITH  PARALLEL  RESET 

RESET  HALF-CYCLE —SIGNAL  CONDITIONS 
AND  BOTH  REACTORS  UNSATURATED 


REACTOR  2 
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FIG.  16  EQUIVALENT  CIRCUIT  WITH  SERIES  RESET  — 
RESET  HALF  - CYCLE  — SIGNAL  CONDITIONS 
AND  BOTH  REACTORS  SATURATED 


REACTOR  I * “ REACTOR  2 
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FIG.  17  EQUIVALENT  CIRCUIT  WITH  SERIES  RESET- 
RESET  HALF- CYCLE -SIGNAL  CONDITIONS  AND 
ONE  REACTOR  SATURATED 


REACTOR  I jo  REACTOR  2 


NAVORD  REPORT  3596 


FIG.  18  EQUIVALENT  CIRCUIT  WITH  SERIES  RESET  — 
RESET  HALF-CYCLE  — SIGNAL  CONDITIONS 
AND  BOTH  REACTORS  UN SATURATED 


REACTOR  I JO  REACTOR  2 


FIG:  !9  EQUIVALENT  CIRCUIT — OPERATING 
HALF-CYCLE- SIGNAL  CONDITIONS- 
BOTH  REACTORS  UNSATURATED 


REACTOR  I REACTOR 2 


FIG.  20  EQUIVALENT  CIRCUIT  WHILE  CURRENT  IS  FLOWING 
IN  LOAD 
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Attention  Lewis  M.  Clement,  Technical  Advisor  In  General  Manager  1 
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F.lectrical  Engineering  Department,  Royal  Aircraft  Establishment, 

Fa m. boro ugh,  Hants,  England 

Attention  Dr.  C.  3.  Hudson  .. 1 

Magnetics,  Inc.,  E.  Butler,  Pennsylvania 

Attention  E.  V.  Weir  1 

International  Instrument,  'Inc. , 2032  Harold  Street,  Houston,  Texas 
Attention  H.  M.  Zenor  1 

Fenwall,  Inc.,  Ashland,  Massachusetts 
Attention  M.  G.  Freed,  Project  Engineer  1 

General  Radio  Company,  275  Massachusetts  Avenue,  Cambridge  39, 
Massachusetts 

Attention  W.  N.  Tuttle,  Engineering  Consultant  1 

North  American  Aviation,  Inc.,  12214  Lakewood  Boulevard,  Dcvr.ey, 

Culifomia 

Attention  .Dr.  Alfred  Xruusz  1 

.jchl uraberger  Well  Surveying  Corporation,  P.  0.  Box  2175,  Houston, 

Texas 

Attention  W.  B.  steward,  Administrative  Assistant  »,  1 

U.  3.  Geological  Survey,  Section  of  Geochemistry  and  Petrology, 

Washington  25,  D.  C. 

Atten t ion  Leona rd  Shap iro , Chemist  .".....s......... ...... .,»••••  1 

Aandia  Corporation,  Jandia  Ba-n,  Albunuerque,  New  Mexico 

Attention  Allen  Wooten  1 

Division  1264  1 

Collins  audio  Company,  Cedur  Rapids,  Iowa 

Attention  h.  F.  Pickering,  Engineering  Department  2 1 

Cook  Research  Laboratories,  27CC  Southport  Avenue,  Chicago  14, 

Illinois 

Attention  Donald  G.  McDonald  1 

Chicago  Midway  Laboratories,  6040  Greenwood  Avenue,  Chicago  37, 

Illinois 

Attention  Darwin  Xrucoff  1 

Allen-drud ley  Company,  Milwaukee  4,  Wisconsin 

/.ttention  H.  M.  .ichlicko,  Consulting  Engineer  1 

Thompson  Products , Inc.,  New  Devices,  21%  Clurkwood  Road, 

Cleveland  j,  Ohio 

A Mention  ,tr.'phen  H.  Fairwe.-.  ;.her,  Staff  Research  and  Development  1 
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* Consolidated  Gas,  Electric  Light  and  rower  Company  of  Baltimore, 

335  Lexington  Building,  Annox  2,  Baltimore  3,  Maryland 

Attention  Library  . 1 

I * 

Commanding  Officer,  U.  3.  Naval  Ordnance  Test  Station,  China  Luke, 

' California 

Attention  Harold  W.  Rosenburg,  Code  3542  1 

Emerson  Research  Laboratories,  701  Larnont  Street,  N.W., 

1 Washington  10,  D.  C. 

Attention  Dr.  Harold  Goldoerg,  Lirector  1 
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NOTICE:  WHEN  GOVERNMENT  OR  OTHER  DRAWINGS,  SPECIFICATIONS  OR  OTHER  DATA 
ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  CONNECTION  WITH  A DEFINITELY  RELATED 
GOVERNMENT  PROCUREMENT  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
NO  RESPONSIBILITY,  NOR  ANY  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 
GOVERNMENT  MAY  HAVE  FORMULATED,  FURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SAID  DRAWINGS,  SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGARDED  BY 
IMPLICATION  OP.  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OR  ANY  OTHER 
PERSON  OR  CORPORATION,  OR  CONVEYING  ANY  RIGHTS  OR  PERMISSION  TO  MANUFACTURE, 
USE  OR  SELL  AJf*  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 


